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Asymmetric cell division of Drosophila neural stem cells or neuroblasts is an important process which
gives rise to two different daughter cells, one of which is the stem cell itself and the other, a committed
or differentiated daughter cell. During neuroblast asymmetric division, atypical Protein Kinase C (aPKC)
activity is tightly regulated; aberrant levels of activity could result in tumorigenesis in third instar larval
brain. We identiﬁed clueless (clu), a genetic interactor of parkin (park), as a novel regulator of aPKC
activity. It preferentially binds to the aPKC/Bazooka/Partition Defective 6 complex and stabilizes aPKC
levels. In clu mutants, Miranda (Mira) and Numb are mislocalized in small percentages of dividing
neuroblasts. Adult mutants are short-lived with severe locomotion defects. Clu promotes tumorigenesis
caused by loss of function of lethal(2) giant larvae (lgl) in the larval brain. Removal of clu in lgl mutants
rescues Mira and Numb mislocalization and restores the enlarged brain size. Western blot analyses
indicate that the rescue is due to the down-regulation of aPKC levels in the lgl clu double mutant.
Interestingly, the phenotype of the park mutant, which causes Parkinson's Disease-like symptoms in
adult ﬂies, is reminiscent of that of clu in neuroblast asymmetric division. Our study provides the ﬁrst
clue for the potential missing pathological link between temporally separated neurogenesis and
neurodegeneration events; the minor defects during early neurogenesis could be a susceptible factor
contributing to neurodegenerative diseases at later stages of life.
& 2013 Elsevier Inc. All rights reserved.Introduction
Asymmetric cell division is an important cellular process
whereby a single cell divides via mitosis to two different daughter
cells. While symmetric divisions give rise to two daughter cells
that are exactly identical, asymmetric cell division generates two
daughter cells that can be different in size, cellular or protein
contents, and/or differentiation potential (Chia et al., 2008;
Neumüller and Knoblich, 2009). This process is particularly
important in stem cells where asymmetric cell division of the
stem cell would produce two distinct daughter cells: one com-
mitted cell or differentiated cell and another which remained as a
stem cell. This stem cell can undergo the same process to produce
more committed or differentiated cells while it itself remains as a
pluripotent cell. Asymmetric division of Drosophila neural stemll rights reserved.cells or neuroblasts (NBs) generates a large daughter cell, which
remains as a neuroblast and a small ganglion mother cell (GMC).
The GMC divides terminally to produce two neurons (Chia et al.,
2008; Neumüller and Knoblich, 2009).
The intrinsic mechanism of asymmetric cell division involves
setting up of polarity in the dividing cells to direct preferential
segregation of cellular components or proteins such as cell fate
determinants to be inherited by only one of the daughter cells. In
the embryonic and larval brain NBs, apical polarity directed by the
Par complex, which consists of atypical Protein Kinase C (aPKC),
Partition Defective 6 (Par6) and Bazooka (Baz) ensures the segre-
gation of cell fate determinants to the basal cortex (Johnson and
Wodarz, 2003; Petronczki and Knoblich, 2001; Rolls et al., 2003;
Schober et al., 1999; Wodarz et al., 2000). There are two main
groups of cell fate determinants basally localized during asym-
metric cell division: Numb with its adapter Partner of Numb (Pon);
and Prospero (Pros) and Brain Tumor (Brat) with their adapter
Miranda (Mira). aPKC mediated phosphorylation of Numb and
Mira excludes them from the cell cortex (Atwood and Prehoda,
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et al., 2007), which occurs only during the onset of mitosis. It has
been reported that Aurora-A (Aur-A), a mitotic kinase, is the key to
trigger this event (Wirtz-Peitz et al., 2008). In this hypothesis,
during interphase, Par6 and aPKC is associated with another
cytoskeletal protein, Lethal (2) giant larvae (Lgl). Lgl inhibits the
kinase activity of aPKC. Unphosphorylated Par6, which binds to
aPKC through its PB1 domain, also represses the kinase activity of
aPKC. Upon the onset of mitosis, Aur-A would phosphorylate Par6,
which relieves the inhibition of aPKC and aPKC is able to self-
phosphorylate, hence activating its kinase activity. This aPKC then
phosphorylates Lgl to release it from the cortex and exchange it for
Baz. The aPKC/Baz/Par6 complex is active and subsequently
phosphorylates Numb to exclude it from the apical cortex, estab-
lishing the basal localization of cell fate determinants (Lee et al.,
2006a; Wang et al., 2006; Wirtz-Peitz et al., 2008). Mira phos-
phorylation may depend on a similar aPKC complex (Atwood and
Prehoda, 2009). The phosphorylation and apical exclusion of the
cell fate determinants is a highly dynamic process. A tight regula-
tion would be expected for an optimal level of phosphorylation of
these proteins to be able to restrict them only at the basal cortex.
Hence, Lgl is hypothesized to be a molecular buffer to restrict the
activity aPKC. Even after the onset of mitosis and the activation of
aPKC, equilibrium of active aPKC/Baz/Par6 complex and inactive
aPKC/Lgl/Par6 complex should exist. In lgl null mutants, localiza-
tion of cell fate determinants such as Numb and Mira is defective;
Numb is mislocalized to the cytoplasm and cell cortex whilst Mira
is delocalized to the cytoplasm and the spindles (Humbert et al.,
2003; Langevin et al., 2005; Lee et al., 2006b; Ohshiro et al., 2000).
This may be due to the lack of Lgl to buffer the activity of aPKC,
shifting the equilibrium entirely to the active aPKC/Baz/Par6
complex, resulting in hyper-phosphorylation of Numb and
Mira. When the cytoplasm exceeds the capability to retain all
the hyper-phosphorylated Numb and Mira, they may mislocalize
to other cellular structures, such as spindle for Mira and the cortex
for Numb.
The importance of asymmetric cell division is well demon-
strated in the process of development. Studies ﬁnd that defects in
this process may also be implicated in many other processes such
as tumorigenesis and neurodegeneration (Neumüller and
Knoblich, 2009). One such hypothesis is that failure in asymmetric
cell division when cell fate determinants do not localize basally
and segregate only to the GMC, leads to reversal of GMC cell fate;
both daughters remain as NB-like cells and continue to proliferate
(Cabernard and Doe, 2009), resulting in a tumor-like phenotype.
These over-proliferating cells were reminiscent of typical tumor
cells and could survive and continue to proliferate in host adult
ﬂies even after several rounds of transplantations (Caussinus and
Gonzalez, 2005; Woodhouse et al., 1994). In addition to cell fate
determinants, other cellular components such as damaged pro-
teins and metabolic by-products are also segregated asymmetri-
cally to be inherited by only one of the daughter cells. Studies had
shown that ubiquitinylated proteins targeted for degradation and
aggresomes containing misfolded and aggregated proteins are
asymmetrically inherited in cells (Fuentealba et al., 2008; Garcia-
Mata et al., 2002). These products are also implicated in neurode-
generative diseases such as Parkinson's disease and Alzheimer's
disease, thereby exhibiting possible relevance of asymmetric cell
division and neurodegenerative diseases.
Drosophila clueless (clu) has been previously identiﬁed as a
genetic interactor of parkin (park) (Cox and Spradling, 2009).
Hallmarks of Parkinson's disease include massive loss of dopami-
nergic neurons accompanied by misfunctions of mitochondria
(Abou-Sleiman et al., 2006). Studies have shown that mutations
in the human homolog of the parkin gene, PARK2, were found in
nearly 50% of the patients with heritable autosomal recessivejuvenile Parkinsonism (Kitada et al., 1998). Adult ﬂies carrying null
mutations in park display a phenotype that highly resembles
Parkinson's disease, including massive loss of dopaminergic neu-
rons and defective mitochondria (Greene et al., 2003). Previous
studies had shown that both clu and park mutants display similar
Parkinson's disease-like phenotype in the homozygous adults, as
well as defective mitochondria in several tissues such as ﬂight
muscles and ovarian follicles (Cox and Spradling, 2009).
clu is evolutionarily conserved; homologs of clu can be found in
non-vertebrates like C. elegans to vertebrates like mouse and
human. In this study, we identiﬁed clu to be a novel regulator of
asymmetric cell division. We show that Clu is expressed during the
larval stages and enriched in the NBs. clu mutants display a weak
but obvious phenotype of mislocalization of Mira and Numb in a
small percentage of dividing NBs. Co-immunoprecipitation data
show that Clu preferentially binds to the active aPKC/Baz/Par6
complex. Removal of clu or park in lgl mutants rescues not only
mislocalized Mira and Numb phenotypes but also the size of the
giant brain. In addition, our biochemistry data suggest that the
deletion of clu in lgl mutants down regulates aPKC levels, suggest-
ing that Clu may play a role in the stability of the aPKC/Baz/Par6
complex. Our data provide evidence that genes responsible for
neurodegenerative diseases at a late stage of life may also have
early functions in neurogenesis.Materials and methods
Fly strains and genetic crosses
Fly strains used in this study were: w67c23, P(Supor-P)cluKG02346,
lgl4 (from Bloomington Stock Centre), lgl1Frt40A (F. Matsuzaki),
worniu-GAL4, UAS-aPKCCAAX (C.Q. Doe), and park1 (K.L. Lim).
Standard methods were used in the remobilization of P-element
and other genetic crosses.
Cell line maintenance and manipulation
The cell line used in this study, BG3C2 (Ui et al., 1994)
(Drosophila Genomics Resource Centre), was maintained in 1
Schneider's medium (GIBCO) supplemented with 10% Fetal Bovine
Serum (Hyclone) and 100 μg/mL human recombinant insulin
(Sigma) according to protocols previously described (Cherbas
and Cherbas, 2007). Double stranded RNA treatment to knock-
down genes were essentially performed as described too (Cherbas
and Cherbas, 2007).
Generation of anti-Clu antibodies
Anti-Clu antibodies were generated by injection of synthetic
peptide designed against the amino acid residues 69–83 of the Clu
protein by Genscript USA Inc. and subsequently afﬁnity puriﬁed
with the same synthetic peptide.
Immunoﬂuorescence and western blot analysis
The third instar wandering larvae were dissected in 1
Schneider's Medium (GIBCO) and ﬁxed in 4% formaldehyde in
PBS containing 0.1% Triton X-100 (PBT) for 15 min at room
temperature and processed subsequently for immunostaining as
described (Wang et al., 2006). After the immunostaining, TO-PRO3
(Invitrogen) was added in the ﬁnal wash with a dilution of 1:5000.
The larval brains were then mounted in Vectashield (Vectalabs)
and viewed under Zeiss LSM 510.
For Western Blot analyses, the total protein extracts of the
embryos, larvae, larval brains or cultured cells were prepared in
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CA-630, 0.5% Sodium deoxycholate, 0.1% SDS) supplemented with
Complete protease inhibitor (Roche) and PhosStop protein phos-
phatase inhibitor (Roche) and were used and analyzed as
described (Sambrook and Russell, 2006).
Primary antibodies used were: rabbit anti-Clu (1:2000, custom
made for this study, Genscript); mouse anti-Mira (1:50, F. Matsu-
zaki); Guinea pig anti-Numb (1:2000, J. Skeath); rabbit anti-PKC
zeta (C-20) (1:2000, sc-216, Santa Cruz); rabbit anti-PKC iota
(phospho T555+T563) (1:2000, ab5813, Abcam); rabbit anti-Lgl
C2 (1:6000, F. Matsuzaki); rabbit anti-Baz (1:1000, A. Wodarz);
mouse anti-Flag M2 (1:1000, F1804, Sigma Aldrich); mouse anti-c-
Myc (1:1000, sc-40, Santa Cruz), and mouse anti-beta-actin
(1:1000, A2228, Sigma Aldrich).
Co-immunoprecipitation
Whole cell lysates were prepared from BG3C2 cells by homo-
genizing the cells in modiﬁed RIPA buffer (10 mM Hepes, 150 mM
NaCl, 1% IGEPAL CA-630, 0.5% Sodium deoxycholate) supplemen-
ted with Complete protease inhibitor (Roche) and PhosStop
protein phosphatase inhibitor (Roche). The lysates were cleared
off insoluble fractions and debris and diluted to a concentration of
1 μg/μL. Cross-linking of protein complex was carried out by
adding 10 mM DMA (Pierce) to the lysates and incubated at room
temperature for 45 min before adding Tris–HCl, pH 7.0 to a
concentration of 20 mM. Antibodies, rabbit anti-Clu, rabbit anti-
PKC, or rabbit IgG (Santa Cruz) were added to a dilution of 1:100
and incubated at 4 1C for 3 h. Protein A/G agarose beads (Roche)
prewashed several times with modiﬁed RIPA buffer were added to
the cell lysates and allowed to bind at 4 1C for a further 30 min.
The beads were then collected by centrifugation at 1000 g for
1 min and washed several times with modiﬁed RIPA. Both reverse
cross linking and elution of bound proteins was done by boiling
the beads with protein loading dye for 5 min.Results
clu mutant displays weak phenotype of mislocalized Mira and Numb
In an RNAi screen carried out in our laboratory, clueless (clu,
CG8443) was identiﬁed as a potential candidate gene involved in
asymmetric cell division of the larval brain NBs. We observed
mislocalized Mira and Numb when clu was knocked down in the
third instar larval (L3) brain NBs (data not shown). A clu mutant
was generated by imprecise remobilization of transposable ele-
ment line w67c23; P(Supor-P)cluKG02346 (Materials and methods). A
mutant containing a 4.6 kb deletion in clu from its ﬁrst intron to
the ﬁfth exon (Supplementary Fig. S1) was isolated and named as
clu169. Immunoﬂuorescence staining showed mislocalized Mira
and Numb in a small population (10.8%, n¼73) of the L3 brain
NBs of the clu169 mutant during metaphase (Fig. 1B and E). Mira
was cytoplasmic, sometimes with a weak crescent, while Numb
exhibited either cortical or exhibited extended basal crescent
localization in these dividing NBs. Late in mitosis telophase rescue
occurred and Mira, as well as Numb, was segregated into future
GMCs (Data not shown). It is interesting to note that the deloca-
lization of Mira and Numb was coupled; in a particular NB,
whenever Mira was mislocalized, so was Numb (Fig. 1B).
Flies homozygous for the clu169 allele could survive to adult-
hood, but had prolonged larval development; the wondering third
instar larvae only appeared 10–14 days after egg-laying. The adult
clu169 ﬂies had a short life span of about 3–7 days and were
ﬂightless with severe locomotive defects (data not shown), remi-
niscent of some typical symptoms of neurodegenerative diseases.Both homozygous male and female ﬂies were sterile. The lethality
and movement defects, as well as the mislocalization of both
Mira and Numb, could be rescued by genomic insertions of the
CHIORI BacPac clones CH322-72F14 but not CH322-40O09 or
CH322-54A14 (Supplementary Fig. S1), indicating that deletion
in allele clu169 was indeed responsible for the phenotype observed.
clu169 is an amorphic allele
To further characterize the clu mutant, we generated an anti-
Clu antibody against amino acid residues 69–83 of the protein in
rabbits (Materials and methods). The antibody recognized the Clu
band of approximately 160 kDa on the Western Blot of the wild
type larval brain lysate but not with the clu169 one (Fig. 2A).
Immunoﬂuorescence staining of the L3 brain revealed that Clu
was a cytoplasmic protein and expressed in the Deadpan positive
NBs but not in the clumutant (Fig. 2B and C), which was consistent
with a previous report (Sen et al., 2013). Lower levels of Clu were
also detected in the mitotic spindle apparatus during metaphase
(Fig. 2E and F). At telophase Clu mainly remained in the bigger NB
daughter cells while the smaller ganglion mother cell had lower
levels of Clu (Fig. 2G; Supplementary Fig. S2).
The Western Blot analysis and immunoﬂuorescence staining, as
well as the deletion data, indicate that clu169 is a null allele. All
subsequent analyses in this study were carried out with this allele.
Clu is associated with the aPKC/Baz complex
Since Clu is suspected to participate in the asymmetric cell
division of L3 neuroblasts, we performed co-immunoprecipitation
of the Clu protein in BG3C2 cells with anti-Clu antibody to
determine if it is associated with the apical complex proteins.
Signals of aPKC were detected in the immunoprecipitate of Clu
(Fig. 3A). Likewise, Clu was also seen in the immunoprecipitate of
anti-aPKC. These observations suggest that Clu is in the same
protein complex as aPKC, implying that it is associated with the
apical complex that directs asymmetric cell division.
It was proposed that aPKC was able to form complex with
either Lgl or Baz (Wirtz-Peitz et al., 2008). Hence, we analyzed
both immunoprecipitate of anti-Clu and anti-aPKC for Baz and Lgl.
Both Lgl and Baz were detected in the immunoprecipitate of anti-
aPKC. However, only Baz, but not Lgl, was detected in the
immunoprecipitate of anti-Clu (Fig. 3A). This result provides
evidence that Clu may preferentially associate with the active
aPKC/Baz complex and we suspect that Clu is a novel regulator of
aPKC activity or the active aPKC/Baz complex.
Deletion of clu rescues the giant brain size phenotype and
mislocalization of cell fate determinants in lgl mutant larval brain
aPKC plays a crucial role in neural stem cell asymmetric
division and its appropriate protein levels need to be maintained
in neural stem cells. According to the hypothesis, the active aPKC/
Baz/Par6 complex and inactive aPKC/Lgl/Par6 co-exist in equili-
brium in the apical cortex to direct phosphorylation and subse-
quent exclusion of cell fate determinants such as Numb and Mira
from the apical cortex (Wirtz-Peitz and Knoblich, 2006; Wirtz-
Peitz et al., 2008). Loss of Lgl caused a shift in the equilibrium,
driving it towards the active aPKC/Baz/Par6 complex, resulting
in hyper-activity of aPKC in the cell. In the lgl mutant,
hyper-phosphorylation of cell fate determinants resulted in
mislocalization of Numb and Mira (Lee et al., 2006b). Our
co-immunoprecipitation data suggest that Clu preferentially binds
to the active aPKC/Baz/Par6 complex. To investigate if Clu indeed
did take part in the equilibrium of the complexes, we removed clu
in the lgl mutant background.
Fig. 1. Mira and Numb are mislocalized in clu mutant L3 brain NBs. Fluorescence confocal images of anti-Mira (green), anti-Numb (red) and chromosomes (blue, TO-PRO3)
staining of L3 metaphase neuroblasts (NBs) in yw (A), clu169 (B), park1 (C) and clu169 park1 (D) mutants and statistic data (E). The clu and parkmutants display mislocalization
phenotypes of Mira and Numb (11.2% and 9.2% respectively) (B, C and E) whilst clu park double mutant display a slightly more severe mislocalized phenotype (20.8%)
(D and E).
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Fig. 2. Clu is enriched in L3 brain NBs. Western blot analysis of yw and clu169 L3 brain lysate with anti-Clu (A); ﬂuorescence confocal images of anti-Clu (green) and anti-Dpn
(red) staining in yw (B, B′ and B′′) and in clu169 (C, C′ and C′′) L3 larval brain; and ﬂuorescence confocal images of and anti-Clu (gray) and anti-Mira (red) with DNA (blue)
staining in yw L3 NB during interphase (D), metaphase (E), anaphase (F) and telophase (G). Anti-Clu detects a predicted 160 kDa band in yw L3 brain lysates, but not in that of
clu mutant (A). Clu is co-expressed with NB marker Dpn in wild type yw L3 brain NBs (B, B′ and B′′) and the Clu signal is not detected in the clu169(C, C′ and C′′) mutant.
Clu remains in the cytoplasm during different mitotic phases (D–G). Note that Clu signal is much stronger in the bigger daughter than the small one (G).
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(n¼50) of the NBs observed (Fig. 3B, B′ and E); Mira either
delocalized into the cytoplasm or enriched to the spindle of the
cell while Numb was cytoplasmic or cortical. Only 10% (n¼50) of
the NBs had Mira and Numb asymmetrically localized to the basal
side of the cell (Fig. 3E). However, in the lgl clu double mutant, the
percentage of cells with basally localized Numb and Mira drasti-
cally increased to 72.3% (n¼83) (Fig. 3C, C′ and E). In addition, the
brain size of the lgl clu double mutant (263.06724.69 μm) wasalso signiﬁcantly smaller than that of the lgl mutant (413.647
53.68 μm; Po0.05), similar to those of the control yw brain size
(267.85718.89 μm) and clu mutant (Fig. 4A, B, E, F and H).
We also examined the L3 imaginal discs of the both lgl and lgl
clu mutants. In lgl mutants, massive over-growth and neoplastic
transformation of the wing disc was observed and the character-
istic morphology was lost. This over-growth was, however, not
observed in lgl clu double mutant. The wing disc of the lgl clu
double mutant clearly resembles that of the wild type yw,
Fig. 3. Removal of clu or park in lgl mutant rescues mislocalization phenotype of Mira and Numb. Western Blot analyses of co-immunoprecipitate of whole cell lysates of
BG3C2 cells using IgG, anti-Clu and anti-aPKC (A); ﬂuorescence confocal images of lgl1/4 (B, B′); lgl1/4 clu169 (C, C′) and lgl1/4 park1 (D, D′) mutant L3 brain NBs stained with
anti-Mira (green), anti-Numb (red) and DNA (blue) with statistical data (E). Co-immunoprecipitation of BG3C2 whole cell lysates using anti-Clu suggests that Clu referentially
forms a complex with Baz and aPKC but not Lgl. Deletion of either clu or park rescues the mislocalized Mira and Numb phenotype that manifests in lgl mutants (27.7% for lgl
clu and 25.9% for lgl park, compared to 90.0% for lgl).
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Fig. 4. Removal of clu or park in lgl mutant suppresses tumorigenesis in L3 larval brain and restore enlarged brain size. L3 brain images of yw (A), clu169 (B), park1 (C), clu169
park1 (D), lgl1/4 (E), lgl4 clu169 (F) and lgl1 park1/lgl4 park1 (G) and mean diameter of each brain lobes (H). Two tailed unpaired Student's t-test was used to determine if the
diameters differ from each other signiﬁcantly. The diameter of clu and park L3 brain is signiﬁcantly smaller than that of yw (A–C and H), but not that of clu park double
mutant (A, D and H). Deletion of clu or park in lgl mutants also signiﬁcantly reduces the size of the L3 brains in the double mutants (E–H).
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of clu also occurs in the imaginal discs (Supplementary Fig. S3).
These results clearly indicate that deletion of clu effectively
rescues the defects of asymmetric division and tumorigenesis
phenotypes in the lgl mutant, further suggesting its role with the
active aPKC/Baz/Par6 complex.
aPKC is downregulated in lgl clu double mutant
It was reported that removal of one or both copies of the aPKC
gene in the lgl mutant would restore the mislocalized Mira in the
embryonic NBs (Lee et al., 2006b). This raised the possibility that aPKC
levels were similarly down-regulated in the lgl clu double mutant.
We assessed the aPKC levels in whole L3 brain lysates of clu, lgl,
and lgl clu with Western blot analyses and evaluated the levels of
both phosphorylated aPKC and total aPKC in the samples. Inter-
estingly, lgl clu double mutants had a marked reduction in total
aPKC (Fig. 5A–C), as well as the phospho-aPKC (p-aPKC) levels as
compared with that of the lglmutants (Fig. 5A–C). To eliminate the
possibility that the decreased levels of aPKC was brought about bydifferences in total NB numbers between the two samples, we
used an in vitro system BG3C2 cell line, which originated from
Drosophila melanogaster third instar larval central nervous system
tissue (Ui et al., 1994). We analyzed whole lysates of BG3C2 cells
treated with double stranded RNA (dsRNA) targeting clu, lgl, or
both lgl and clu. This analysis eliminated variations of NB cell
numbers in different mutants. We showed that simultaneous
knockdown of lgl and clu functions resulted in decreased levels
of both p-aPKC and total aPKC as compared with the knockdown of
lgl alone (Fig. 5D–F), which was consistent with our earlier
ﬁndings with the brain lysates.
These Western blot data suggest that the normal physiological
function of Clu is to maintain or regulate aPKC activity. In the clu
mutant, there is only a slight decrease in p-aPKC levels as
compared to the wild type (Fig. 5A–C), and this may attribute to
the weak mislocalization of both Mira and Numb in the L3
neuroblasts.
The down-regulation of aPKC in the lgl clu double mutant did
not rescue the mislocalization of aPKC itself; the aPKC pattern was
abnormal in about half (49.1%; n¼53) of the NBs observed in
Fig. 5. aPKC levels are downregulated in lgl clu double mutant. Western blot analyses of whole larval brain lysates from yw, clu169, lgl1/4 and lgl4 clu169 (A) and BG3C2 cell lysates
treated with SK dsRNA, clu dsRNA, lgl dsRNA and lgl and clu dsRNA (D) with bar chart (B, E) and table (C, F) showing the corresponding average relative intensity ratios and standard
errors for both aPKC and p-aPKC with respect to yw measured in three independent biological replicates. Levels of aPKC and p-aPKC decrease in L3 larval brain lysates of lgl clu,
compared to lgl (A–C), suggesting that Clu plays a role in regulation of activity of aPKC. The knockdown of clu, lgl or lgl and clu in BG3C2 cells supports the above data (E–G).
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in the lglmutant (Fig. 6C and G) reported earlier (Lee et al., 2006b).
Taken together with the decrease in levels of aPKC and p-aPKC
observed in the lgl clu double mutant, there is indication that the
restoration of basally localized Numb and Mira in the lgl clu double
mutant is most probably due to the altering of the activity of aPKC
rather than rescuing the localization of aPKC itself.
Deletion of clu prevents mislocalization of cell fate determinants in
cells overexpressing aPKCCAAX
Since Clu preferentially binds to the aPKC/Baz/Par6 complex
and deletion of clu in the lgl mutant causes decrease in levels of
both p-aPKC and total aPKC, it is likely that Clu acts directly on the
active aPKC to maintain its activity. To further investigate whether
clu affected the activity of the aPKC protein directly in the processof asymmetric cell division, we took advantage of the transgene
UAS-aPKCCAAX, which overexpresses the membrane bound form of
aPKC under inducible promoter control. When the membrane-
bound form of aPKCCAAX was overexpressed in wild type NBs using
the wor-gal4 driver, it localized throughout the plasma membrane
including the basal cortex of the cell, causing mislocalization of
Mira in the cytoplasm. This pheno-copies the effects of loss of lgl
(Lee et al., 2006b). We introduced both UAS-aPKCCAAX and worniu-
GAL4 to the clu169 mutant background and examined the localiza-
tion of Mira and Numb in the L3 brain NBs. We found that with the
overexpression of aPKCCAAX in the wild type background, Mira was
mislocalized drastically to the spindles or the cytoplasm of the cell
while Numb becomes cortical in the majority (86.4%, n¼23) of
NBs, which very closely resembled that of the lgl mutant pheno-
type (Fig. 6F and H). However, when aPKCCAAX was overexpressed
in the absence of Clu, Mira and Numb remained as basal crescents
Fig. 6. Removal of clu suppresses the phenotype of ectopically expressed aPKCCAAX. Anti-aPKC (red) immunoﬂuorescence staining of yw, clu169, lgl1/4 and lgl4 clu169 (D–F) L3
brain NBs and quantitation of its apical enrichment (G). DNA is shown in blue. Deletion of clu in lgl mutants does not rescue the mislocalized aPKC phenotype (48.8% for lgl
and 50.9% for lgl clu). Confocal images of wt (A, A′) and clu (B, B′) L3 brain NBs with ectopically expressed membrane-bound aPKCCAAX stained with anti-Mira (green) and anti-
Numb (red) and quantitation of the mislocalization phenotype (C) shows deletion of clu in neuroblasts can restore the mislocalized Numb and Mira brought about by the
ectopically expressing membrane bound form of wild type aPKC protein (from 86.4% to 29.4%).
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observation suggests that Clu most likely acts directly on the aPKC
protein since the overexpression of aPKCCAAX was independent on
innate transcriptional and translational control of aPKC in the cells.
Deletion of park in lgl mutant is reminiscent of lgl clu mutant
phenotype
clu was reported to be a genetic interactor of parkin (park), the
Drosophila ortholog of PARK2 (Cox and Spradling, 2009). This led
us to explore the possibility that deletion of park in lgl mutants
would, similar to the deletion of clu, rescue the mislocalization of
cell fate determinants in lgl mutants.
We generated the lgl park double mutant and found
that indeed, the localization of both Mira and Numb in lgl park
mutant NBs were largely restored (74.1%; n¼27) (Fig. 3D, D′ and
E), identical to what we observed in lgl clu double mutants
(72.3%; n¼83). Furthermore, the sizes of lgl park larval brains
(319.41730.28 μm) from the wandering third instar larvae were
much smaller than those of lgl (413.64753.68 μm) (Fig. 4E, G and I).
These results indicate that the deletion of park also rescues the
mislocalization phenotype as well as the giant brain size phenotype
in the lgl mutant.
While the direct molecular relationship between clu and park
was not available, the phenotype of the park mutant in L3 NB
division was reminiscent of that of clu; about 10% (n¼51) NBs
showed Mira and Numb mislocalization (Fig. 1C, C′ and E).
Interestingly, in the clu park double mutant, this phenotype
increased to about 20% (n¼48) (Fig. 1D and E). However, the
change of L3 brain size of the clu park double mutant was
insigniﬁcant (Fig. 4D and H).
Park belongs to the E3-ligase family and is involved in ubiquitin
mediated protein degradation (Imai et al., 2000). How Park affects
asymmetric division during neurogenesis is yet to be elucidated,
but its addictive mislocalization phenotype to the clu mutant and
similar sensitized function in the lglmutant suggested that clu and
park might function in parallel genetic pathways controlling the
same event.Discussion
In this study, we discovered that Clu, a protein expressed in
L3 brain NBs, was involved in regulating aPKC levels. In the
absence of Clu, both Mira and Numb were delocalized in small
percentages of mitotic NBs. Clu preferably binds to aPKC and Baz
but not Lgl. In addition, we also showed that Clu promoted a
tumorigenesis phenotype in the lgl mutant. In the absence of Lgl,
the function of Clu to maintain aPKC levels was sensitized. Drastic
rescue was seen when clu was removed from the lgl mutant. The
Western blot analyses indicated that in the lgl clu double mutant,
both aPKC and p-aPKC levels were reduced, which was responsible
for the rescue of lgl tumorigenesis phenotype. Our data are most
consistent with a model in which Clu is a member of aPKC/Baz/
Par6 complex and presumably functions to maintain its stability.
clu mutant is protected by lgl
If Clu is indeed involved in the maintenance of the aPKC/Baz/
Par6 active complex, why does deletion of clu alone fail to generate
any drastic phenotype? Deletion of clu only caused a low percen-
tage of Mira and Numb mislocalization. The L3 brain of clu did not
form tumors and the mutant could even survive all the way to
adulthood, albeit it could only survive for 3–7 days. The key to that
question may lie in its genetic interactor, lgl.In the Western Blot analyses of whole larval brain lysate and
knockdown cell line lysate of clu, we observed a decrease in Lgl as
compared with the control (Fig. 5A; Supplementary Fig. S5). This
may suggest that in clu mutant, there might also be a lower level
of the inactive aPKC/Lgl/Par6 inactive complex. It is possible that
the lack of Clu not only exposes the aPKC/Baz/Par6 complex to
perturbations such as dephosphorylation or degradation, it also
lowers Lgl levels, which in turn results in less aPKC/Lgl/Par6
complex. As a consequence, more aPKC can be released and forms
a complex with Baz to replenish the decreasing pool of active
complex. Thus, Lgl is able to fulﬁll its role as a molecular buffer in
the clu mutant, shifting the equilibrium toward the more active
aPKC/Baz/Par6 complex and compensating Clu function.
Clu function is sensitized in lgl mutant
The primary aim of asymmetric cell division in NBs is to
localize cell fate determinants such as Pros, Brat and Numb to
the basal cortex so that after cytokinesis, they would only be
inherited by the GMC (Bello et al., 2006; Bowman et al., 2008;
Rhyu et al., 1994; Shen et al., 1997). Numb and Mira have been
found to be phosphorylated by aPKC and this phosphorylation
resulted in apical exclusion of the proteins (Atwood and Prehoda,
2009; Wirtz-Peitz et al., 2008). The optimal levels of phosphoryla-
tion of Numb depend heavily on the equilibrium of two com-
plexes, the active aPKC/Baz/Par6 complex, and the inactive aPKC/
Lgl/Par6. Mira phosphorylation may depend on a similar aPKC
complex (Atwood and Prehoda 2009). Studies so far had pointed to
Lgl as the major buffering molecule to maintain this equilibrium,
together with other phosphatases like PP4 and PP2A modulating
the equilibrium or activity of the two complexes (Chabu and Doe,
2009; Ogawa et al., 2009; Sousa-Nunes et al., 2009; Wirtz-Peitz
et al., 2008). There should be, however, additional molecules that
help maintain this equilibrium in the Drosophila NBs.
Clu exhibited preferential binding capacity to the aPKC/Baz/
Par6 complex rather than aPKC/Lgl/Par6, suggesting its participa-
tion in the maintenance or regulation of the equilibrium between
the two complexes (Fig. 3A). Under extreme conditions, such as in
the lglmutant, lack of Lgl not only shifts the equilibrium entirely to
the aPKC/Baz/Par6 complex, resulting in hyper-phosphorylation
and subsequent delocalization of Numb and Mira, but also sensi-
tizes Clu function on stabilizing aPKC/Baz/Par6. When clu is further
deleted in the lgl mutant, the aPKC/Baz/Par6 complex could be
destabilized, hence resulting in a signiﬁcant decrease in the levels
of both aPKC and p-aPKC, which in turn rescues Numb and Mira
localization phenotypes in dividing NBs and restores L3 brain sizes
(Fig. 7). Our Western Blot analyses of whole larval brain lysate and
knockdown BG3C2 cell lines supported our hypothesis.
Function of clu and park in larval brain may be independent of
mitochondrial activity
Both clu and park have been shown previously to cause
mitochondrial defects in adults (Cox and Spradling, 2009). We
had our initial suspicion that ATP levels in clu NBs might
contribute to the defects of neuroblast asymmetric cell division,
as well as the rescue phenotype in the lgl mutant. A recent paper
indicated that localization of mitochondria did not affect levels of
ATP or cause any oxidative damage in the 3L brain, although they
observed abnormal clustering in the clu mutant (Sen et al., 2013).
Our measurements of ATP levels in clu, lgl and lgl clumutant brains
also did not indicate any differences among them or the wild type
brains (Supplementary Fig. S4). Thus, we conclude that the clu
phenotype observed in our study is very likely to be independent
of mitochondrial activity.
Fig. 7. Mechanism of Clu function in asymmetric division. Inwild type NBs, Clu preferentially binds to aPKC/Baz/Par6 complex and presumably stabilizes aPKC levels andmaintains an
appropriate equilibrium between aPKC/Baz/Par6 and aPKC/Lgl/Par6. In the absence of Lgl, the equilibrium is completely shifted towards aPKC/Baz/Par6, resulting in excessive aPKC
activity and sensitized Clu function. Removal of Clu in lgl mutant destabilizes aPKC/Baz/Par6 complex and aPKC levels decrease to a healthy level, which rescues lgl phenotypes.
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Parkinson's disease is a neurodegenerative disease of the central
nervous system which occurs in aged individuals. In patients with
Parkinson's disease, there is massive loss of dopaminergic neurons
which results in impairment in movement (Abou-Sleiman et al.,
2006). Greene and colleagues had previously identiﬁed the Droso-
phila ortholog of park, which encoded an E3 ligase and found that
there were defective ﬂight muscles and loss of dopaminergic
neurons in park null mutants (Greene et al., 2003).
In this study, we have directly linked genes involved in neurode-
generative disease, clu and park, with lgl, a gene that is involved in NB
asymmetric division during early development. Since these three
genes are expressed in the same cells and are involved in the sameprocess during neurogenesis, we speculate that early defects in
neurogenesis, although weak, may become a susceptible factor
contributing to neurodegenerative diseases such as Parkinson disease
at a much late stage of life. More in-depth studies on the links among
genes involved in two developmentally separated events, asymmetric
division during early neurogenesis and neurodegeneration due to
aging, need to be done before the ﬁnal conclusion can be reached.Acknowledgments
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